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PROCESS AND APPARATUS FOR ORGANIC VAPOR JET DEPOSITION 
Cross-Reference to Related AppUcations 

[00011 This patent appUcation claims priority benefits to the foUowing United States 

patent appUcations: 60.317^15 (filed September 4, 2001), 60/316,264 (filed on September 4, 
2001). 60/316,968 (filed on September 5. 2001), and 60/332,090 (filedNovember 21, 2001). 
These patent ^plications are incorporated by reference in their entireties. This patent 

application is related to simultaneously filed patent ^pHcation no. , attorney docket 

no. 10020 / 21904, which is incorporated by reference in its entirety. 

Statement Regarding Government Rights 

[00021 This invention was made with Government support under Contract No. F49620- 

92-J-05 24 (Princeton University), awarded by the U.S. Air Force GSR (Office of Scientific 
Research). The Government has certain ri^ts in this invention. 

Field of the Invention 

[00031 The present invention is directed to a process of patterned deposition of organic 

materials onto substrates which utilizes the vapor transport mechanisms of organic vapor phase 
deposition. 



Background of flie Invention 

[00041 Molecular organic compounds are employed as active materials in a variety of 
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applications, including organic light emitting diodes (OLEDs), photovoltaic cells, and thin 
films. Typically, these thin (—100 nm) fihn devices are grown by thermal evaporation in high 
vacuum, peraiitting the high degree of purity and structural control needed for reliable and 
efficient operation {see S.R. Forrest, Chem. Rev, 97, 1793 (1997)). However, control of fihn 
thickness uniformity and dopant concentrations over large areas needed for manufactured 
products can be difficult when using vacuum evaporation (see S. Wolf and R. N. Tauber, 
Silicon Processing for the VLSI Era (Lattice, 1986)). hi addition, a considerable fraction of the 
evaporant coats the cold walls of the deposition chamber. Over time, inefficient use of 
materials results in a thick coating which can flake off, leading to particulate contamination of 
the system and substrate. The potential throughput for vacuum evaporated organic thin film 
devices is low, resulting in high production costs. Low-pressure organic vapor phase 
deposition (LP-OVPD) has been demonstrated recently as a superior alternative technique to 
vacuum thermal evaporation (VTE), in that OVPD improves control over dopant concentration 
of the deposited film, and is adaptable to rapid, particle-firee, uniform deposition of organics on 
large-area substrates {see M. A. Baldo, M. Deutsch, P. E. Burrows, H. Gossenberger, M. 
Gerstenberg, V. S. Ban, and S. R. Forrest, Adv. Mater. 10, 1505 (1998)). 
[0005] Organic vapor phase deposition (OVPD) is inherently different firom the widely 

used vacuum thermal evaporation (VTE), in that it uses a carrier gas to transport organic vapors 
into a deposition chamber, where the molecules diffuse across a boundary layer and physisorb 
on the substrate. This method of fihn deposition is most similar to hydride vapor phase epitaxy 
used in the growth of UI-V semiconductors {see G. B. Stringfellow, Organometallic Vapor- 
Phase Epitaxy (Academic, London, 1989); G. H. Olsen, in GaJnAsP, edited by T. P. Pearsall 
(Wiley, New York, 1982)). In LP-OVPD, the organic compoimd.is thermally evaporated and 
then transported in a hot-walled reactor by an iaert carrier gas toward a cooled substrate where 
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condensation occurs. Flow patterns may be engineered to achieve a substrate-selective, 
uniform distribution of organic vapors, resulting in a very uniform coating thickness and 
minimized materials waste. 

[0006] Using atmospheric pressure OVPD, Burrows et al. {see P. E. Burrows. S. R. 

Forrest. L. S. Sapochak, J. Schwartz. P. Fenter, T. Buma. V. S. Ban, and J. L. Forrest, J. Cryst. 
Growth 156. 91 (1995)) first synthesized a nonhnear optical organic salt 4'-dimethylamino-N- 
methyl-4.stilbazolium tosylate. In a variation on this method, Vaelh and Jensen (see K. M. 
Vaeth and K. Jensen, Appl Phys. Lett.7h 2091 (1997)) used nitrogen to transport vapors of an 
aromatic precursor, which was polymerized on the substrate to yield films of poly (s-phenylene 
vinylene). a U^t-emitting polymer. Recently. Baldo and co-workers {see M. A. Baldo. V. G. 
Kozlov. P. E. Burrows, S. R. Forrest, V. S. Ban. B. Koene, and M. E. Thompson. Appl. Phys. 
Lett. 71, 3033 (1997)) have demonstrated apparently the first LP-OVPD growth of a 
heterostructure OLED consisting of N.N-di-(3-methylphenyl)-N.N diphenyl-4,4- 
diaminobiphenyl and aluminum fn5(8-hydioxyquinohne) (Alqj), as well as an optically 
pumped organic laser consisting of rhodamine 6G doped into Alq,. More recently, Shtein et al. 
have determined the physical mechanisms controlling the growth of amorphous organic thin 
films by the process of LP-OVPD {see M. Shtein, H. F. Gossenberger, J. B. Benziger, and S.R. 
Forrest, J. Appl. Phys. 89:2, 1470 (2001)). 

[0007] Virtually all of the organic materials used in thin film devices have sufficiently 

high v^or pressures to be evaporated at temperatures below 400" C and to then be transported 
in the vapor phase by a carrier gas such as argon or nitrogen. This allows for positioning of 
evaporation sources outside of the reactor tube (as in the case of metalorganic chemical vapor 
deposition {see S. Wolf and R. N. Tauber, SUicon Processing for the VLSI Era (Lattice. 1986); 
G. B. Stringfellow, Organometallic Vapor-Phase Epitaxy (Academic, London. 1989) ), 
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spatially separating the functions of evaporation and transport, thus leading to precise control 
over the deposition process. 

[0008] Though these examples demonstrate that OVPD has certain advantages over 

VTE in the deposition of organic films, especially over large substrate areas, the prior art has 
not addressed the special problems that arise when depositing an array of organic material. 
Recent successes in fabricating organic Ught emittmg diodes (OLEDs) have driven the 
development of OLED displays {see S.R. Forrest, Chem. Rev. 97, 1793 (1997)). OLEDs makes 
use of tiiin organic fihns that emit light when voltage is applied across the device. OLHDs are 
becoming an increasingly popular technology for applications such as flat panel displays, 
illumination, and backhghting. OLED configurations include double heterostructure, single 
heterostructure, and single layer, and a wide variety of organic materials may be used to 
fabricate OLEDs. Several OLHD materials and configurations are described in U.S. Patent No. 
5,707,745, which is incorporated herein by reference in its entirety. 
[0009] As is the case for febrication of arrays using VTE, to adapt OVPD to OLED 

technology, a shadow mask delineating the shape of the desired pixel grid is placed close to the 
substrate to define the pattern of deposition on the substrate. Control of the shadow mask 
patterning is a critical step, for example, in the fabrication of fiiU-color OLED-based displays 
(see U.S. Patent No. 6,048,630, Burrows, et al.). Ideally, the resultant pattem on a substrate is 
identical to that cut into the shadow mask, with minimal lateral dispersion and optimal 
thickness uniformity of the deposited material. However, despite the overall advantages of 
OVPD in d^ositing organic layers, the use of the shadow mask in OVPD has certain 
disadvantages including: significant lateral dispersion compared to VTE; material waste; 
potential for dust contamination on the fihn fixjm the mask; and difficulty in controlling the 
mask-substrate separation for large area appUcations. 

4 
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Summary of the Inventtoii 

(00101 It is an object of the preset invention to provide a process of patterned 

depositionotorganio materials onto substratesflratutilizes the vaportransportn^ 
vapor phase deposition. It is also an object ofthe present invention U> provide an 

apparatus for performing this process of patt^ned deposition of organic materials onto 
substrates, without the need for a shadow mask. 

loom Amefhodoffabricaanganorganicfilmisprovided. A non-reacdve canier gas 

iausedto transport anorganic vapor. Theorganic vapor is ejected throughanozzleblook onto 
acooledsabsttate,.ofom.apanemedorg=nicfflm.Adeviceforoarryingou.themethodis 

also pmvided. The device includes a source of organic vapors, a som:ce of carrier gas and a 
vacuum dramber. A heated nozde block a.t»=hed to the source of organic vapors and the 
aourceotc«riergashasatleastonenozzleadap.ed.oejecca.riergasa.^org»ucvaporsont„ 

• 

a cooled substrate disposed within the vacuum chamber. 

(00121 Inan«nbodimentofthepresentinvention.byorgamcvaporjetdeposition 
(-OVJD-), organic vapors are carried by an inert gas ftom the source cell, through a timed 

valve and into a nozzle block, ftom wMchthey are geCed onto a substrate. Preferably, the 
subs.ra.eis cooled and the«.zzleblockishea.ed.Preferably,«resubsUate is ttsnslated^a 

ratevin synchronization withthe valve timmgtoacUeve the desiredpattem of deposiM^ 
oon.«>llingthe gas flowra.e.nwidthofto«ozzle,z, the distance to the subs.«.e.d.the.a.eo^ 

substrate .ransla.ion,v..he source temperature,r.and the valve timing. T,aumfom..Mckn^ 

profile. «. may be achieved for multiple pixels of desired width. The process is preferably 

• • • /licnfn^inn in / Decreasing s and increasing K 
carriedoutataredncedpressuretonminmzefliedispersionm/. i^ecreas g 

can also minimize the dispersion even at ambient pressures. 
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[0013] 



Typical deposition pressures for organic vapor jet deposition (OVJD) range jfrom 



0.01 to 10 Torr. Both amoiphous and crystalline films may be grown by OVJD. 



[0014] 



In an embodiment of the present invention, the carrier gas rate Vis increased so 



that the bulk flow velocity is at least on the order of the thermal velocity of the molecules, 
about 100-1,000 m/s, creating a "jet" of material that is imidirectional. In mathematical terms, 
this condition may be met when the mean velocity in the direction of the axis of the nozzle (the 
bulk flow velocity) is at least on the order of the meaa absolute velocity in directions 
perpendicular to the axis of the nozzle (the thermal velocity). Preferably, ttie mean velocity in 
the direction of the axis of the nozzle is at least as great as the mean absolute velocity in 
directions perpendicular to the axis of the nozzle. The term "absolute" velocity is used with 
respect to mean velocity in directions perpendicular to the axis of the nozzle, because the mean 
velocity in those directions may be about zero ~ for every molecule moving to the left at a 
particular velocity, there may be anotha: molecule moving to the right at the same velocity. 
[0015] An embodiment of the present invention further provides that under the 

appropriate conditions of substrate temperature, reactor pressure, and nozzle geometry, an array 
of sharp-edged pixels with a resolution of about Ijmi is achievable with jet deposition if the 
nozzle-substrate separation, s, is witihin the molecular mean firee path of the carrier gas, X. Jsx 
addition, because of the imidirectional flow, use of a heavier carrier gas can provide better 
directionality of deposition and subsequently sharper pixels. 

[0016] One advantage of certain embodiments of the present invention is that material 

waste is minimized due to the heating of the nozzle and the directional flow. For example, the 
nozzle may be heated to a temperature sufficient to avoid physisorbtion (condensation) of 
organic material on nozzle surfaces, thereby reducing waste, and also reducing the need to clean 
the nozzle. The substrate may be cooled to enhance deposition characteristics, and avoid a 
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situation where the carrier gas heats the substrate to tixe point that organic material wiU not 
deposit. Another advantage is the absence of the masking step, resulting in an increased rate of 
production, a more compact deposition apparatus design, and the ehmination of contamination 
from a shadow mask. Jn high-resolution deposition requiring a separation distance s typically 
lessthanl mm,contaminationfromashadowmaskusingOVPDisespeciallyproblematic. An 

additional problem arises in maintaining that small mask-substrate separation over a large 
substrate area, particularly since the mask would normally be thin and flexible. 
[00171 Another advantage of certain embodiments of the present invention is that the 

process may be used in manufacturing full-color organic Ught emitting diode ("OLED") 
displaysbypatterningthemultiple color pixels on the same substrate without 

separate shadow mask. The apparatus incorporates an array of nozzles arranged and operated 
synchronously much like the print-head of an ink-jet printer. Each nozzle may incorporate 
ti.ee source cells, for red, green andblue luminophores, wilh valve control for sequentially 
layering the materials, without having to move a shadow mask. For example, each nozzle may 
be comiected to multiple source cells through different valves, such that Ihe deposition from 
each nozzle may be alternated between different colors at different locations on Ihe substate. 
Or, each nozzle may be comiected to only one of multiple source cells, where each nozzle has 
its own valve, or different groups of nozzles may be comiected to different sources, with each 
group having its own valve, such that the nozzle block deposits a predetemiined pattern of 
different organic materials. 

100181 Embodimentsofthepresentinvention provide a process of patterned deposition 

of organic materials onto a substrate, said process comprising: transporting organic v^ors via 
anmert carrier gas moving ataflowrate Kfromasource cell, through a timed valve, and into a 
nozzle block, wherenx said transport occurs atapressureP and wherein said flowrate Fofthe 
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inert carrier gas is increased so that the bulk flow velocity is at least on the order of the thermal 
velocity of the molecules; and ejecting the organic vapors via the inert carrier gas moving at the 
flowrate V from the nozzle block onto a cooled substrate, wherein the cooled substrate is 
maintained at a temperature T and at a distance s from the nozzle block. 

[001 91 Embodiments of the present invention further provides a process comprising: 

maintaining the cooled substrate at tiie distance s from the nozzle block while laterally 

translating one of said cooled substrate or said nozzle block at a rate v, wherein the rate v is 

synchronized with the timed valve to create the pattemed deposition of organic materials. 

[0020] Embodiments of the present invention further provides this process for pattemed 

deposition at a pressure P between .01 and 10 torr. 

[0021] Embodiments of the present invention further provides this process for pattemed 

deposition wherein the distance between substrate and nozzle block s is within the molecular 
mean free path of the carrier gas. 

[0022] Embodiments of the present invention furthCT provides an apparatus for 

pattemed deposition of organic materials onto substrates, said apparatus comprising: at least 
one nozzle jet, wherein each of said one nozzle jet comprises one or more source cells; one 
timed valve connected to each of the one or more source cells; and a heated nozzle block 
connected to the one timed valve. 

[0023] Embodiments of the preset invention further provides an apparatus for 

pattemed deposition of organic materials onto substrates wherein the pattemed deposition is a 
fiill-color organic light emitting diode display, and wherein at least one nozzle jet is a 
rectangular array of n x m nozzle jets, and wherein one or more source cells is three source cells 
for red, green, and blue luminophores. 

[0024] Embodiments of the present invention further provides an apparatus for 

8 
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patten«ddeposi«ooof»rg™cmaterialsonto*s.rate.coMprisingavari^^^ 
output of the heated nozzle block. 

Brief Description of the Drawings 

[0025] Figure 1 shows a vacuum thermal evaporation system. 

[00261 Figure 2 shows a vacuum thermal evaporation system. 

[00271 Figure 3 shows an organic vapor phase deposition system. 

[00281 Figure 4 shows an organic vapor phase deposition system. 

[00291 Figure 5 shows simulated results for deposition through a shadow mask. 

showing the effect of varying deposition pressure. 

[00301 Figure 6 shows simulated results for deposition through a shadow mask, 

showing the effect of varying the separation between mask and substrate. 
[00311 Figure 7 shows simulated results for deposition through a shadow mask, 

showing the effect of varying mask thickness. 

[00321 Figure 8 shows simulated results for deposition through a shadow mask, 

showing the effect of varying the effective bomidaiy layer thickness. 
[00331 Figure 9 shows an embodiment of an organic vapor jet deposition apparatus. 

[00341 FigurelOshowsscanningelectronmicrographsofsomerepresentativeAlct 
patterns fonned on silver-coated glass substrates after depositionthroughs 

[00351 Figuie 11 shows aplotof the dimensionless dispersion parameter. i? = rf/.. 

versus deposition pressure, P oep' 

[00361 Figure 12 shows a material concentration map. 

[00371 FigurelSshowssimulatedprofileofmateriald^ositedbyorganicv^orjet 
deposition. 
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[0038] Figure 14 shows simulated OVPD deposition results where the carrier gas has a 

bulk flow velocity. 



Detatted Description 

[00391 Embodiments of the present invention are directed to a process of pattaned 

deposition of organic materials onto substrates utihzing the vapor transport mechanisms of 
organic vapor phase deposition, and to an apparatus for performing this process of patterned 
deposition. In one embodiment, the process comprises: transporting organic vapors via an inert 
carrier gas moving at a flowrate V from a source cell, through a timed valve, and into a nozzle 
block, wherein the transport occurs at low pressure P; ejecting the organic vapors from the 
nozzle block onto a cooled substrate via the mert carrier gas moving at a flowrate V; and 
laterally translating the cooled substrate, which is maintained at a distance s from the ejection 
end of the nozzle block, at arate v. The rate of translation is synchronized with the timed valve 
to create the desired patterned deposition of organic materials. 

[0040] Figure 1 shows a vacuum thermal evaporation (VTE) system 100. A source 110 

is heated such that material ev^orates into a vacumn chamber 120. The material diffuses 
through vacuum to substrate 130, where it maybe deposited. 

10041] Figure 2 shows a more detailed view of a VTE system 200 having a mask 220. 

A source 210 provides organic material that diffuses into a vacuum, on the order of 10"* to 10 ' 
Torr. The organic material dijBEuses through the vacuum and through a shadow mask 320. 
Shadow mask 220, which has apertjres 222, is disposed a distance s away from a subsfrate 230. 
After the organic material passes through the shadow mask, it deposits on substrate 230 to form 
patterned organic layer 240. 

[00421 Because of the low pressures typicaUy used for VTE, the molecular mean free 
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pam.X.(aUo.fe.ed»as^)n.aybe.^«.^^.F<.cxao>p.e.a,10^'To..UsabouU». 

»-100^wifl>weU^ededges.whe«*eso«.»-sub^ — 

tt.e ord. of lO-lOO c». P«f«ab.y. distance .etweeo .*s«e 230 and source 210 is lesa 
«^«.enK,.ecalarn>ea.fieepafl>X,auch«»>tcomaiona^eean>o,ecnlesin«.vacuun>are 

^andpa»en>edia^240isdeposi.ed„he.*ereisacleaxHneofai^tensu.s«e 

«0»so^210..u*loc.=edbyn^220.Uain.VTE.api.e,prome«.a.ist«pezoidwifl.a 

u u*.ir..A 10-3 to 10-" Pa is a preferred range of pressures for 
weU-defined, finite base may be obtained 10 to lu rais p 

VTE. 

1,043, Becausesource210ianotasinglepoin..pa«en^lai«^-)'>-=>^>' 
^fl^ap«.u«222.Wi«.«f«ence.oFi^2.«,clen^oftt>ebaseofpa.»n«d.ayer 

240, /5, is given by. 

1 (s+ t)*ih+h} 
'^=2 h 

..ere.=n.as..substrateseparation,.=n.as.tBc^^ 

. = source-mas. distance, ms formula ^ves very close . values to those observed 
experimentally. 

,«M4, Bigure3ahowsaorganiov.porphasedeposition(OVPD),^=m300. Acanier 
gas ispaasedoverasonrceceUSlCftomwUeh anorganic m.toiaIiaevapo».«lin«>.be 
e^er gas. Multiple souroeceUs(no,sho™)n.ybeused»providean«xmreof organic 
^s.and/or.oprovid.diflr«en,organien»terialsa.difl^.ti-ea.t.^ 
passestoougha»asU3201oca«dadistanoe5fton>asubs«..e330. "nre carrier gas *ea 
ta^inges sabs«a.e 330. «.«re ^e organic ««.ri^ pl^*^ °»«> -bs«a.e sur^. 
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Substrate 330 may be cooled. WaUs 340 of system 300 maybe heated to reduce or prevent 
organic material fix)m depositing on walls 340. The organic material may be a small molecule 
matoial, or it may be a polymer material. 

[0045] Figure 4 shows an OVPD system 400. A carrier gas is used to transport organic 

molecules from a source (not shown in Figure 4, see, for example. Figure 3). The molecules 
have an average mean free path X. A mask 410 is disposed a distance s above a substrate 420. 
Organic layer 430 is deposited on substrate 420 through ^ertures 412 in mask 410. Because of 
collisions between molecules in the carrier gas, significant deposition of organic material may 
occur to a distance d under the mask, in regions that are not directly over apertures 412. The 
deposition is preferably carried out in at the lower end of the pressure range, such that the mean 
free path is greater than it would be at higher pressures, and d is correspondingly less, so that 
the micron-scale resolution preferred for fiill-color display applications may be achieved. 
[0046] Figure 5 shows simulated results for deposition through a shadow mask in the 

difiiisive regime. For a nominal j = 10 pm and mask thickness of 1 8 pm, the deposition 
patterns for X = 8.25. 82.5, and 825 Mm (P^ = 0.01, 0.1, 1.0 Torr) are shown in Figure 5. 
Molecules were launched from 2000 \xm away from the mask at random angles having average 
molecular thermal velocities and allowed to dififiise throughout the simulated space volume. 
The concentration profile in the vicinity of the substrate was found to be linear, hidicatmg that 
transport is purely diffusive. This is why, in Figure 5, no difference mdis observed for 
different values of A. Also in agreement with the continuum model, the fraction of molecules, 
which deposit on the substrate and the mask, i.e. the deposition efficiency, is lower for small A, 
which correspond to small D^. The simulation was performed witti 30 \im wide mask 
openings, a mask thickness of 18 |im, and a mask separation, s=lO \im. Plots 510, 520 and 
520 show deposition thickness profiles for the mask (higher) and the substrate (lower) for A = 

12 
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8.25, 82.5. 825 wifl.P^= 1.0. 0.1, 0.Ol Torr. Tt^ is no noticeable difference in U>e pixel 
Shape be«veeapo.s510,520and530,,ndic.ang*a.infl.e purely diffMveregbnepressure 

l«s Uttle effect on edge dispersion; efficiency of deposition, as expected, drops for lower 

values of A. 

100471 Figure 6 shows sinudated results for deposition U-ou^ a shadow mask in the 

aiffusive regime. The mask operrings rem^ 30 ,mwide.wia.= 18 Mmand ^-82.5 ^ 
while. - 3. 10. 20 Mm, respectively, for plots 610. 620 and 630. SmaUer values of. result in 
sha,perpixels.Aslongas.~;.,.rape^idalpixelshapesm^*eobtained,similar.ov»^ 
deposition. Pixeloverlapstartstooccurwheu.-r. Keeping thepurelydiffi^veftamework 

for the simulation. Figure 6 shows how variation in s affects pixel edge dispersion. Since X 
doesno.affect^intinsregune.weuseA=82.5 Mm;for,- 18 ,m pixel cross-talk starts to 
occur whens = 20 Mm. i-cas^approaches,, there is overlap oftheneighboringpixeb. 

100481 KgureTshowssimulatedresultsfordepositionflm^ughashadowmaskinthe 

difiusive.egime.-n.emaskopeningsremain30Mmwide,withA=82.5Mn.and.= 10Mn. 

Here, mask tiuckness, is varied to 18, 36, and 54 Mm, respectively, fer plots 710, 720 and 730. 

Mcker masks result in sharper pixels, albeit a, the exper^e of cutting off material flux to the 
s„bstia.eandred»cingdepositionefficiency.ascanbeseenbyfl«lowmask-to.substra.e 

dep„sitionratio.As.approachesA,thecol!imatedmolecul.rfluxresul.sin.rapezoidal 

Th^ ^nme «:haDed oroffles become increasingly like the vacuum- 
similar to vacuum deposition. The dome-snapea piom^. u 

thermal deposited trapezoids as t approaches A. 

100491 Figure 8 shows simulated results for deposition through a shadow mask in the 

difiusiveregime. THe mask openings are 30 pm wide, with A =82.5 mbi and. = 10 Mm. Plots 
SlOand 820 show results for5 = 410and5 = 2060Mm, respectively. Here, the effective 
boundary layer thickness is decreased fiom2060to410to 80 jmiby adjusting thelauncto^ 
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point to be closer to the substrate. As J approaches A, the deposition efficiency increases, in 
agreement with the continuum model for diffusion-limited transport to the substrate. Here, the 
effective Sv/as varied by launching the molecules closer to the substrate. 
[0050] Changing the mass of the carrier gas in the purely diffusive deposition regune 

was found to have no first order effect on the deposition profile, as expected firom the 
discussion of the previous sections. 

[0051] Figure 9 shows an embodiment of aa organic vapor jet deposition apparatus. The 

process of patterned deposition of organic materials onto substrates according to embodiments 

of the present invention will now be described in reference to Figure 9. 

[0052] In one embodiment, organic vapors are carried by an inert carrier gas fcom the 

source cell 910 into a timed valve 920. The source cell 910 is preferably kept at temperature T, 

and the inert carrier gas is moving at a flowrate V. The opening and closing of flie tuned valve 

920 (/.e., the valve timing, t,) is preferably regulated throughout the process of pattemed 

ft 

deposition. When the timed valve 920 is open, the inert gas carrying the organic v^ors moves 
through the timed valve 920 and into the nozzle block 930. The nozzle block 930 preferably 
contains heating/cooling units 940 which are used to control the temperature of the mert gas 
carrying the organic vapors through the nozzle block 930. One difference between OVJD and 
OVPD is that the benefit of heated walls, such as heated walls 340, may be significant in 
OVPD, but less significant in OVJD. In particular, where nozzle block 930 includes heating 
units 940, the benefit of additional separate heating units that heat the walls of a vacuum 
chamber (not shown in Figure 9) may not be needed. However, heating units that heat the walls 
of the OVJD vacuum chamber may nevertheless be used. The nozzle block 930 preferably has a 
nozzle with a width z. From the nozzle block 930, the organic vapors in tiie inert carrier gas are 
ejected out through the nozzle onto a substrate 950, preferably a cooled substrate, whereon the 
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„gamc vapors co«iense » fcn. a patterned layer 960. Preferably. ^ orgamc vapors must 
,raveladis.ance.ftomttenozzleblook930«.flresubs«.e950.S*s«a.e950n,aybe,n„ve<l 

at a rate of translation v, in between the deposition of material, during the deposition of 
material, or both. Tte substrate is preferably translated using a motorized stage, and both the 
stageandvalvetimingareoperatedandsynehronizedbycomputercontrol. -fte apparatus c». 

be repeated in series fer multi-layer deposition and multi-color display deposition. 
[00531 Bycontrollingtheaforementionedprocessvariables,adesiredpattemed 

deposition can be achieved. Speoifioally. a uniibrm thickness profile. can be adneved for a 
pattemedlayer 960 ofadesiredwid*/. By conducting the process ataredncedpressure, the 

aispersioninwidth/canbeminimized. Furthermore, even a, ambient pressures, decreasing ti.e 

distance . ftom a>e nozzle block 930 to the substrate 950, and/or increasing ti« carrier gas 

flowrale Twill minimize the dispersion in width /. 

100541 If tt.c <Bstance . ftom the nozzle block 930 to the substrate 950 in Figure 9 is of 

„„^,ema8mt»ie.o.heseveralmicronssepara«ngthe substrate lh>m*e shadow m^^ 

and tite gas flow rate r is snfficienflyhigh, then the dispersion in /win be mmimized, with 

resolutions expected on «>e order of 1 micron. 

(0O551 wMleitisrdativelyeasytoachieveshaiplydefinedpixelsusingvacunm 
tbennal evaporation at press„res<l(r' because ttie molecular mean free path.Vis«ypical^ 

30cm,(s.eFlgures 1 and 2). si«.ati»> is more compBcated in OVPD. Bec^OVPD 
.^oally proceeds at pressures > .01 Torr. with 0. 1 mn <.< 1 cm. the increased fte,«»«y of 

tatermolecmar coUisions in fl.e vicinity of the mask plane leads to pixels with comparatively 
n,c«difluseedges(seeFigure4).Neveriheless.wehavedemons.rat«lorganicfihndcposition 

taou^ a shadow mad. with a pattern definition on the order of mia^s (see Figure 10). 
,005«1 Figure 10 shows scamung electron micrographs offl« patterns resulting fiom 
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OVPD through a shadow-mask at P^^p raagmg from 2x10 * to 2 Torr. As the deposition 
pressure increases, both simulations and experimental data indicate the loss of edge sharpness. 
Images 1010, 1020 and 1030 show results for P^^ = 2- lO"*, = 0.2 Torr, and F^^ = 2 Toir, 
respectively. The separation 5 = 5 and 2.5 for the left and right colmnn respectively. As 
predicted by the model, the pixels become more diffuse as pressure and mask-substrate 
separation increase. It was found that at pressures of 0.2 Torr and separation of up to 15 fun it 
is possible to achieve a pixel resolution on the order of several microns, which is sufficient for 
full color display applications. 

[00571 Co-pending patent application Attorney/Docket No. 1 001 0/37 describes the 

basis for organic vapor phase deposition ("OVPD") and is incorporated herein by reference. 
Co-pending provisional application, Attorney/Docket # 10020/21901, (herein '"901 
appUcation") is also incorporated herein by reference. The '901 AppUcation is directed to a 
hybrid technique for the fabrication of organic devices, whereby organic materials are deposited 
using organic vapor phase deposition (OVPD) through a shadow mask, and metals are 
sequentially deposited via vacuum evaporation through the same shadow mask, hi the *901 
AppUcation, the theory behind OVPD deposition is developed fully and models used for 
simulations are described. Using these same models developed for vapor phase transport, we 
have further detennmed that a resolution of 1 micron is achievable if the bulk flow velocity is 
increased to create a gas jet and the substrate to nozzle distance is within the molecular mean 
free path. The model is described below. 

[0058] The concept of OVPD is illustrated in Figures 3 and 4. The process consists of 

three steps outlined below. Vapors of a species A are generated by heating the source material 
m a stream of an mert carrier gas. Gaseous A is subsequently transported into the deposition 
chambCT by the carrier gas, where the flow forms a hydrodynamic boundary layer (BL) in the 
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ttansport may be represented as a series of reactions: 

A A (la) 
Evaporation: /i-s 



Entraiiimeiit by carrier gas: 



4 >As (lb) 



Transport to the substrate: Ag 

Diffusion to substrate surface. A^g^ 

X - ^ ->-4^ (3b) 
Surface diffusion and immobilization: v / 

„,^..represen.anor,anie«o.ee..ars^esin*esoUaorU,nias.a..Species.;^^ 

evapo««andrecondenscinside*eso.roeoenwi«.characeristicra.es*^an<l*^ 

^ec.vely.Evapo»tion...espUceeifl.erintheso^ed-.^etic"«gi»e.whe»*^> 

1, ir -k The organic species is swept out of the 
k or is in an equilibrium regune, where fe«^-fccw ^""^^^^ 

iLeenby^ec^riergasinabVEn— by«.eoa.rierres«l.in.a^g.,-*« 

Vicinity of«.esubs«a.wi«.acb.rac««cb»m«nsport.a.e.*„«be«i.bee^^ 
3n„ve«nefficiencyof..00r.wbile.>eren«inderisp»n^eaou.of«.eaeposi«onc««^ 

I>eposi«onU.esptacebyai«^onof.aaossfl«bo.n.an,l^andadso,ptionwi.ha 

-fc where is the rate of 
characteristicratefc^.Theoveralldepositionrate,r,,-fc<,, fc<^.wli 

desorption from the substrate. 

,W5„ wi,h,uaUficadonsv«,hrespect.o.hehighlymol«ularna.„reofOVPD*>be 
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discussed below, we can state that, typicaUy, the ratio of carrier gas velocity to the mean 
molecular velocity, vjxi, is about 0.01 - 1, i.e. the flow in LP-OVPD is either below or borders 
on the sonic regime. Due to the low pressure used, the Reynolds number. Re, is well within the 
laminar flow regime (Re « 2000). The Grashof number, Gr, in the vicinity of the substrate is 
also less than I, implying that natural convection is not significant in gas mixing near the 
substrate. For the present discussion of deposition dynamics, only the steps 2, 3a and 3b are 
relevant. Since the efficient deposition of amorphous thin fihns requires minimal surface 
diffusion and desotption, we employ the lowest practicable substrate teamperatures. Two things 
happen in this case: » k^, while the crystaUization rate, is very high, meaning that the 
surface difiiising organic molecules become immobilized much faster than they diffuse to the 
substrate. Thus, "reaction" 3b is very fast and does not need to be considered for deposition of 
amorphous fihns. The rate-limiting steps are thus 2 and 3a. 

[0060] As shown in previous work, (see M. Shtem, et al., J. ofAppl. Phys., 89: 1470 

(2001)), the overall deposition rate, r^^, for the combination of steps 2 and 3a can be expressed 



equivalent to the variable V, which is also used to denote the carrier gas flow rate throughout 
this disclosure, S is the BL thickness, and is flie dififixsivity of organic molecules in the 
carrier gas. The kinematic viscosity itself depends on pressure via: v = ^p, where p = P/RT. 



as: 




where Po,^RT is the concentration of the organic species, V is the carrier gas flow rate and is 
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,noreasing*eba*gro™ig^pr=s.«x=.P*wmre^.inasubU»ear decrease i.«.e 
deposi^on^te. due«,.wo opposing fa^o.: aaec^ei««.edi«Usivi...D„wb.ch 
lowers and a d^rease in . Which in^rcves *e «nspor. «.e. «s e,uatton be used 
„predic.*eoverandeposiUonra.forgivenp«>cesscondi«ons.d.coupledwi*asu*ce 

^oWardifi.sionnrodeU^cs.^O'y— 

films. 

100611 InthevidnityottosubsWeftesys^mnmybeengineeredasagasjet 
^insingnonnal.oanatp,a.e,aunifannflow«™ing.osu^onnearafla.p,a.e.orflow 

Swinging on a — disk («, improve o^g — in aU cases. ..akes «.e fenn: 



^. (3) 



^ere v is U.e.dnen«Uc viscosity omegas, and <, is a, nan«.y decreases Unearlywi* V 

a^or«.ra.ofro«ioninsuchaway««.drefo,n.ulan.ybenseddlree«y«esH™^ 
^.of cwben .isinc.Vsandbn.kflowa^veloci.yi„co.sisnsed&ra. Bor.yp.cal 

„.«B«ons«sedinOVPDandin«.swo.ts«cbasr=275-C.P^=0.2TorrandF=15sc«o. 

of ninogen. .is app.oxima.ely MO cm. However, since «.e .is onfl.e order of^ axial 
aimensionofd.e.ypicaldepcsiaoncl«mb.r.««»nnbonndarytayerm„s.beappUeainOW 

with caution. 
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Patterned film deposition using OVPD 

[0062] The preceding discvission relies on the validity of the continuum assumption due 

to the use of the uniforai bulk diffusivity, and the boundary layer thickness, 5. This 
section examines the vaUdity of the continuum assumption when appUed to shadow masking in 
OVPD. 



the organic molecules retain their initial bulk flow velocity when they arrive at the mask plane. 
First, we assume the presence of a boundary layer, '3L," where by definition, the molecules 
lose memory of bulk transport, and their velocity distribution is fully thamaUzed. hi this case, 
it can be seen qualitatively that the decrease in due to higher P^ep will not make the patterns 
less sharp. Since is isotropic, the longer it takes for a molecule to diffuse perpendicularly 
to the substrate, the longer it will take (by the same amo\mt) for it to diffuse laterally. The 
mutual cancellation of these rates will result in identical patterns at different pressures, which is 
not tiie obsCTved experimental trend. A slightly more realistic model for (see Eq.(8) below, 
for example) is where it decreases in the direction of the substrate, along the decreasmg 
temperahire gradient. But once again, because the decrease is isotropic, the pattern should 
remain unaffected. 

[0064] Relaxing the requirement for an isotropic velocity distribution witibin the 

boundary layer and allowing the molecules to retain the z-component of flieu: initial velocity, it 
can be shown that is given approximately by : 



where is the pixel edge dispersion, as shoAvn in Figure 4, and u is the carrier gas velocity in 
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ai«^<„^as«iesofpoi.tsou^.cca.eda,onsthe»a*ap«.u«. Thepixel^ge 

.^sepa-cn... Increasing flo» — f» «Ms ..del, ^prov. 
,^e.3.How.v..«^fo:^uteove«—«>epixeledgedispersionfor moderate 
p^.(e..O.:Tc.)byaUea..ano^of»aS=i-Hbeca„.e««afl^v.«n.p<>« 

B.p^en.^yo.,alnedaeposiUonpa«=n«.ngges...«-*=.eo^Hesso.»^ 
between the two diffusive modes. 

,0055, „e„,i.sho«ldb«no.«d«>at*eoon*.un»and.ence«.edia^onas^«ons 
a«i„c«nectfcrmo..ofOVPD«>nai«ons.-n.cKnua^n»mb«(Xyi,wl«eL- 

o.en^)Won«...^«^-of«.s^.-.^i^--— - 
.n^.»se,va.c„e^onsn<»o.ge.fo„nac,o.ea.e. VT. OWD n— 
^^o^scKen^o.UyinFig»«sa^4,«spcc«ve.y. ..e^n^n^ — e.p«ienc«. 
,,«.„^cnK,lecu.esnear«.e.b.«a.3„resp<n«iM.,o.meU^sprea^ 

^.totheBl,fl..^»*=ot.i.«.p^.oaffeC*«-ofttapa«=n.. 

n^....^s«pa«Uon..an.*eshap.omen»s.ap«»e. ,n«».omcp™oe. 
p_.«.^fa«orsa«— v.at.edeposi«onp.«s.e.ca^e.g.flo.««.«» 

^eofca^«Sas>^anaa.i^of«.esh^own^ StnceZ,„an..arein*n=..y 
„^..n«.«an^ehowAv3ri=swi.hP^andi.eff=ctonpa„e.shan.ness. 

..O^ AMonte^arlo We *nnla.<»»ayb.«s«.«, »cae. dcpositto. «»ug. a 

^.n^ Wen„.s.»p«.ee,^»3ne».edU,ca.you.fU^ana.ys.. P™n«>e 
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logic in Figure 4 it is evident that a larger X will result in fewer inteimolecular collisions inside 
the BL and, coupled with a laterally uniform concentration distribution above the shadow mask, 
less lateral dispersion of the pattern on the substrate. For a single-component, low-pressure 
non-polar gas. A, has the form: 



A= ^ , .(6) 



Thus, by decreasing the gas pressure, the mean free path increases and sharper pixels will be 
obtained. However, pressure cannot be decreased indefinitely; the in-flow of a carrier gas used 
to transport the organic vapors necessarily gives rise to a background gas pressure. The limit of 
very low deposition pressure, Y^^, represents the free molecular transport regime, where A, is 

large and the carrier gas flow rate, V, limits material transport. Increasing V results in greater 

Prfg, and transport becomes diffusion limited as X decreases. The trade-offbetween using a 
sufficient carrier gas flow rate and maximizing gas-phase diflEusion of organics gives rise to the 
0.01 to 10 Torr optimum pressure range preferably used in OVPD. 

[0067] While Eq.(6) may be used accurately with dilute, non-polar gases hke heUum 

and argon, OVPD deals with a mixture of complex molecules, e.g. Alqj, along with the carrier 
gas, such as nitrogen or argon. The effective nominal mean free path and collision cross- 
section, X and <j, can be determined via modified expressions for the dif&isivity through Eq. 6 
and the relationship: 



=3"^ (7) 
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Here, the Chapman-Enskog expression 
dipoles maybe used: 



for the diffusivity of molecules with dipoles or induced- 



xO.5 

1.835-10«-rK-^+T^ 



A . 



(8) 



correlation may be substituted: 



o.ioi3-r-(^+^l 



,(9) 



effective vo,»ne eon«bu« on of «,c Mivid«a smK«^ co.^e»- 
^^^co„«n,ution»eO>od.d.o*edeta.where(RB.BW.WS.S..andE.H. 

TabUl.««value30fi,.varybyhatt3no^.rofn>^.ud.b«we=„*eaiffer«.*eories. 
.,i.^ybe»oe.sa^.oo»yo..««ea^edexpeHn.en«a»<a/o,n>o.eculard^os 

,i„^a«o:..ode«n^mebina^— ties^oreacountely. However. ^xunate 
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values of X and c should suffice for determining trends with pressure. 



Table 1 



T(K) 


^Cinetic Theory) 
rcmVs) 


(Fuller et al.) 
fcmVs) 


(Chapman -Enskog) 
(cm'/s) 


273 


0.0355 (N2) 


0.68 (N2) 


0.105 (Alqj) 


0.0629 (N2) 


548 


0.101 (N,) 


2.30 (N2) 


0.356 (AlQs) 


0.179 (N2) 



[0068] The Monte-Carlo simulation incorporating the above analysis proceeds as 

follows. The computational space is divided into a 3-dimensional grid with variable cell size. 
Particles representing organic molecules are assigned random initial locations inside the 
boundary layer and above the mask, and velocities that satisfy the Maxwell-Boltzmann 
distribution. After an elapsed time interval and a short travel distance no greater than 1/10* of 
the mean free path, the molecule is allowed to collide with a locally generated carrier molecule 
having a random velocity from a Maxwell-Boltzmann distribution. The acceptance of collision 
is calculated using the following function: 

- TP (10) 

c 

where is the number of real molecules represented by one simulated molecule, is the total 
cross-section of the colliding molecules, «^ is their relative speed. At is the time interval 
allowed for the collision to take place, while Vc is the volume of the cell in which the colUsion 
occurs. The value of can be calculated from an effective collision diameter which scales 
with the relative particle velocity, v^: 

^^=^0-:^ (11) 
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whoU p«>oess i. repeated. wMle me mega-moleoules ax. «cked in space. Upon collision 
««>fl.es.bs«a.eplaneoranysideofthemask,meorganiepartc.esareinunoMi.edfl.«c^ 
Periodiol»<»dary conditions areimposed«,wlnleacons.an.conoen«adonoforg^^ 
and earner gas is sc. at me edge ot^-eboundaxy layer. Thesin^ulationmnsuntiUdesi^dfilm 
ancknesshasbeen formedonme substrate. Tracldngmega-moleculesconsistingof several 
individualmoleculesisdonetosavecon„utationaIcos.s.msim«lationwasappUed.o 

generate the results shown in Figures 5 through 8. 

100*91 Fignrell showsplotofthedin.«>sionlessdispersionpa«me.^.i!-d/^. versus 

aepositionpressure.P^(bo..omaxis)andn>ean^cpa.h,«topaxis),forbome.perin.»^ 
and Simulated results. Star symboU UIO. s<pare syn*ols .120. triangle symbols U30 and 
oircle symboU 1 140, show e^ental r^ults wid. a mask-substrate separation of 2. 5. 15 and 

*; ur Pint«n50 1160 1170 and 1180 show simulated results for a 
115 micions, respectively. Plots 1 15U, i lou, 1 1 / v. 

^-substrate separationof2. 5. 15 and U 5 microns, respectively. As ti» pressure decreases. 
j,doesnotdecr=asetozero.bm,amersah^a.aconstantvalue.eharacteristicof,hefimte 

sizeofthesourceinVTEaudthesource-maskandmask-substrategaps. The points between 
ia« and 0.2 Torrarenotreadily accessible wimthecurrente>cpenmen.alset-»p and werefl^^ 

in using the Monte-Carlo simulation. 

,00701 H the molecules are allowed tc keep their original bulk flow velocity as tirey 

enter andpropagatethrou^theBU .be depositionp^fllesbecome sharper. They appro^d-e 

^idalshape characerisdo of vacuum deposition whenthebulkflow velocity, 
approaches themolecular.hennalvelocity.ii. this suggestsamodeofdepositiouwhere 

c^cs are-sprayed- onto.hessbstrateusinganultra-fas.jet of earner gas. simi^ 
printing. 

[00711 Anexampleofvapor-ie.depcsitionmodeisinustiatedinFig«rel2,wid.the 
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simulation results in Figure 13. Figure 12 is a material concentration map which shows tiie jet- 
like character of deposition with idtra-fast carrier flow for simulated Alq, flowing past a 
100mm thick mask with an initial vertical velocity of 100 m/s. Vertical dimension is 200pm, 
horizontal = 60\sm. The overall deposition efficiency of this process can approach 100%, since 
pixels are patterned by the directed gas jets and no material is wasted in coating the shadow 
mask. A deposition s)«tem with individual nozzles for each color pixel may provide an 
efficient, precise, and more portable deposition system. 

[0072] Figure 1 3 shows a plot of the thickness of material deposited (simulated) by 

OVJD. Vertical dimension is 9 Mm, horizontal = 60iim. 

[0073] Jn the regime representing the present invention, in which a gas jet impinges 

normal to a flat plate, (Equation 5 herein) the models developed above are appUed to ascertain 
the process parameters for an organic v^or jet deposition apparatus. Operation in this regime 
was first suggested by the observation, both through the simulations presented here and through 
experimental verification, that sharp pixels could be obtained by OVPD using a shadow mask, 
if the mask-substi:ate separation distance was reduced to the order of the molecular mean firee 
path, X. Additionally, by increasing the mask thickness, the molecules that do reach the 
substrate become effectively collimated, resulting in sharper patterns, albeit at tiie expense of 
deposition efficiency. If, however, the thick mask is also heated, material losses are minimized. 
Increasing the aqject ratio of the mask aperture above 10 and increasing the carrier gas velocity 
perpendicular to tiie substrate results in a gas jet being formed at the exit of the made. In the jet 
deposition regime, therefore, the thick mask design converges to the heated nozzle of the 
present invention. The process parameters for OVJD are now discussed below. 
[0074] In one embodiment, the carrier gas flow rate, V, for jet deposition has to be 

sufficient to create a '^et" of material, as suggested by tiie name. To make tiie gas flow appear 
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,sa«nid^on=aie.s..«m.«»bulk flow velocity 1^»b.on«. order of the.hern.al 

velocity of «.e molecules (~ (Skn^^ or greater. For exanrple. a. room temperah^. the 
^al velocity of ,d«oge..N.isap,»oxirr,a.ely450,r.s. Thus, theroughrna^mdeofthe 

„,a/vo/^e«^.-/'ow™<eis450Ws.^„^where...is.heto.a.cross.sectio.a,areao, 

the nozzles. The nozzle geometry is sel«ted according to the particular application. 

(00751 Thesourcetempera^neandgasflowratetogeflrercontroltheconcentrationof 

the organic vapors in the gas ph^e. isee M. Shtein, H. F. Gossenberger, J. B. Benziger. and 
S.R. Forres,.. g9:2. 1470 (2001)). Thus. T is set by the required concentratton. 

whichis. in turn, setby how muchmaterial needs to bedeUvercd, M,. 
,0076, Given,heamoun.ofma,e.ialA.M,.tobedepositedforapardcul.rUyerofa 
particular device withinareasonable time se^e«.i>«. the concen^tionofmate^ 

set by: 

^risthevolume.ricflowra.eoftl^ea.ri^s-CP*-'^""^"'-'^"-'^''-''"' 
not always.insi^can.).Tbe.otal amount ofmaterialtobedeUvered,A... tor onepixelis 

^enby (pixel ar«.) • (Uyer thickness). The pixel size of atypical OIBD display is onflre 
^ of microns to tens of microns, and the flndmess of individual layers is typicaUy on the 
^„f0.1mic,on.Pref«>.y..heprocesspressureisultimatelydictatedbythesol^^^ 
the organic(or other) ccmpoundina^gasused at theoperatingpressureandtemperanare.... 
«.emaximummole6actionofA,x.. that canbeinthecarrier gas without condensingonthe 
wausorindregasphase. Thesufflcientnuniherof carrier gasmoleculespresentintheflowto 
ent^aU of mesolute vapor moleculesinaparticular carrier gascanthenbeealeuUted.Tlns 
andthetotalgasflowrate and the ^^alpumpingcapacity and speedof the OVro system 
detenninetheoperadngpressure. Since aU the variables are interdependent, an iterative 
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process is used to develop the proper operating parameters for a particular deposition and 
application. 

[0077] Preferably, the separation or working distance, s, in the OVJD apparatus is 

governed by the hydrodynamics of the jet and the operatmg pressure. Typically, but not strictly 
necessarily, for minimum pixel edge dispersion, s will be on the order of (or less than) the 
molecular mean free path, X, of the gas system at hand, where (see also equation 6 herem): 

A, "const * Tggj /a^ P^^ 

where T^^ = gas temperature, a = average molecular diameter, P^q, = deposition pressure. For 
Alqa/N^ system, for example, X » 1500, 150, 15, 1.5 pm for P^^p = 0.01, 0.1, 1, and 10 Torr, 
respectively, at T = 275°C. Under these conditions, in the time it takes the vapor molecules to 
traverse the distance from nozzle to substrate, the time for lateral dispersion of the jet is 
jninimized. However, the smaller the working distance, the more difficult the construction of 
the apparatus will be, and the more difficult it will be to keep the substrate cold, while keeping 
the nozzles hot to prevent condensation. Therefore, it is undesirable to decrease the working 
distance much below the threshold necessary to achieve the required pixel resolution. 
[0078] Preferably, the cross-sectional area of an individual nozzle, and its shape are 

dictated by the shape of the pattern that is to be obtained. Since the operating pressure is Ukely 
to be such that the mean free path of the molecules is short, the working distance is also small, 
on the order of microns. Given the flow velocity, working distance, and pressure drop across 
the nozzle, its shape is designed to suit the desired lateral dispersion; ideally, the nozzle width 
corresponds to the width of the pixel deposited. 

[00791 In OVPD with shadow masking, the step preceding difEusion is delivery of 

vapors by the carrier gas to the vicinity of the substrate. Bulk flow velocity here is about 1- 
lOm/s. The final step in dq)osition is the diffusion of molecules across the boundary layer. 
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which is incorporated by reference in its entirety). Alqa is an example of the small molecule 
organic materials that are preferred for many OLEDs. Briefly, the reactor vessel is an 11 cm 
diameter by 1 50 cm long Pyrex® cylinder. It is heated by means of a three-zone fumace 
enabling source temperature control via positioning of each cell along Ihe temperature gradient 
within the tube. Each source is separately encased in a 2.5 cm diameter by 75 cm long glass 
barrel. Cairier gas flow was regulated by mass flow controllers, while the deposition pressure 
is kept between 0.1 and 10 Torr by adjusting the pump throttle valve and the total carrier flow 
rate from 10 to 50 seem. A 40 1pm vacuum pump with a liquid nitrogen cold trap is used to 
exhaust uncondensed carrier and organics. Organic vapors condense onto a rotating water- 
cooled substrate positioned behind a mechanically operated shutter. Fihn thickness and growth 
rate are monitored by a quartz crystal microbalance calibrated using the ellipsometrically 
measured organic film thickness. 

[0083] In addition to deposition of organic thin films using OVPD, a conventional 

vacuum thermal ev^orator was used. The source-to-substrate distance was approximately 
30cm; the deposition pressure was maintained at 10"* Torr. 

[0084] For the shadow-mask, we used a 5pm thick nickel mesh consistmg of 10 jjm 

hues that interlace, forming 15 pm square openings. This mesh was placed directly on top of 
1mm thick silver-coated glass slides and covered with a 50|xm thick nickel mask containing 
round holes 1 and 0.3rmn in diameter. This arrangement allows for the simultaneous 
measurement of deposition for two values of s. Due to the profile of the nickel mesh, the 
smallest value of s is ~ 2|jm. Here, the dispersion values, d, for s=2Mm will refer to the 
fiizziness of the square pixels T-lOpm on flie side. Values of d corresponding to s=5pm refer to 
the fiizziness of the circular deposition edge formed with the 1mm and 0.3mm holes of the 
50pm thick mask resting on top of the mesh. 
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cooled substrate. In the Monte-Carlo simulation, the z-directed carrier gas velocity, t/„ can be 
increased to simulate a jet which broadens only by the isotropic random molecular velocities 
superimposed onto this flow-field. Figure 14 shows the spatial concentration profile for a 
simulated jet of carrying Alqs, with mfp = lOpm, t = 50m> and U,^\QO m/s, while the 
mean thermal speed, u = 500 m/s. Since the flow-field was not known in this flow regime, the 
simulation kept dUJdz = 0 for simpUcity. The figure shows that the collimated jet can result in 
a deposit with weU-defined edges even for s » m_^. Careful selection of U, P^ep. a and s may 
thus enable a printing method for molecular organic thin fihns analogous to ink-jet printing for 
polymers, except where the Uquid solvent is replaced by a jet of highly volatile inert carrier gas. 
In Figure 14, carrier gas with organic molecules is ejected firom apertures 1415 in mask 1410, 
to impinge upon substrate 1420. Plots 1430, 1440 and 1450 illustrate different simulated 
deposition results where the jet nozzle is located at different distances &am the substrate, and 
show a widening of the vapor jet as it moves fiirther firom the nozzle. 

[0089] Although the present invention is desaibed with respect to particular exanq)les 

and preferred embodiments, it is understood that the present invention is not limited to these 
examples and embodiments. The present invention as claimed therefore includes variations 
from the particular examples and preferred embodiments described herein, as will be apparent 
to one of skill in the art 
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WHAT IS CLAIMED IS: 

1. A method of fabricating an organic fihn, comprising: 

a) providing a heated non-reactive carrier gas transporting an organic vapor; 

b) ej acting the heated non-reactive carrier gas transporting an organic vapor through a 
nozzle block, with abulk flow velocity at least as great as the thermal velocity of the 
molecules, onto a cooled substrate, to form a patterned organic fihn. 



2. The 



method of claim 1, wherein the total carrier flow rate is about 10-50 seem. 



3. 



The method of claim l.whereinthe nozzle block is heated. 



4. Tl,emethodofclaim3, wherein thenozzleblockisheatedto a temperature higher than 
the temperature at which physisorbtion of the organic vapor occurs on the nozzle surface. 

5. The method of claim 3, wherein the substrate is cooled to a temperature lower than the 
nozzle block. 



6. 



The method of claim 1. wherein the organic fihn is amorphous. 



7. The method of claim 1, wherein the organic fihn is crystalline. 



8. The 
material. 



method of claim 1, wherein the organic vapor comprises a small molecule organic 
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9. The method of claim 1, wherein the bulk velocity is less than about 1000 meters per 
second at the nozzle block. 

10. The method of claim 1, wherein the bulk velocity is sufficiently great to provide a 
substantially unidirectional jet of material. 

1 1 . The method of claim 1 , wherein the method is used to fabricate a pattemed organic fihn 
without the use of a mask. 

12. The method of claim 1 1, wherem the pattemed organic film has a resolution of about 
one micron or less. 

13. The method of claim 11, wherein the pattern is controlled by the separation between the 
nozzle block and the substrate, the size of a nozzle in the in the nozzle block, and the 
gas velocity. 

14. The method of claim 13, wherein the distance between the substrate and the nozzle 
block is less than about 2.5 microns. 

1 5 . The method of claim 1 , wherein the method is used to fabricate a display device. 

16. The method of claim 1, wherein the nozzle block consists of a single nozzle. 

17. The method of claim 1, wherein the nozzle block comprises a linear array of nozzles. 
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18. The method of clann 1, v^herein the nozde block comprises a two dimensional a«ay of 
nozzles. 

19. The method of claim 1. wherein fte nozzle block comprises a pl«aUty of nozzles, and 
wherein a first nozzle qects a first orgamc v^r, and a second nozzle ejects a second 
organic vapor different ftom the first orgamc v^. 

20. Themethod of claim 1, whe^in the nozzle block and the substrate are moved reladve to 
each other in a lateral direction during the ejection. 

21. Themethodof claim 1, wherein the nozzle block includes a nozzle having a variable 

apCTture. 

22. TliemethodofclaimUwhereinthesubstrateisunder avacuumofaboutlO-^^ lOtorr. 

23 . Ite melhod of claim 1 , wherein the method is used to fabricate an orgamc hght 
emitting device. 

24. The method of claim 1, wherem the carrier gas is nitrogen. 

25. A method of fabricating an organic fihn, comprising: 

a) providing a heated non-reactive carrier gas transporting an organic vapor, 

b) ejecting the heated non-reactive carrier gas transporting an organic vapor through a 
nozzleblockhavinganozzle, such that the gashasameanvelocitymthe direction of 
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the axis of the nozzle at least as great as the mean absolute velocity in directions 
perpendicular to the axis of tiie nozzle onto a cooled substrate, to form a patterned 
organic film. 



26. A device, comprising: 

(a) a source of organic vapors; 

(b) a source of carrier gas; 

(c) a vacu\3m chamber; 

(c) a heated nozzle block attached to the source of organic vapors and the source of carrier 
gas, having at least one nozzle ad^ted to eject carrier gas and organic vapors onto a cooled 
substrate disposed within the vacuvmi chamber. 

27. The device of claim 26, wherein the nozzle block consists of a single nozzle. 

28. The device of claim 26, wherein the nozzle block comprises a linear array of nozzles. 

29. The device of claim 26, wherein the nozzle block comprises a two dimensional array of 
nozzles. 

30. The device of claim 26, wherein the nozzle block comprises a nozzle having a variable 
aperture. 

31. The device of claim 26, wherein the nozzle block is moveable relative to the substrate. 
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32. -n.ed=vioeofclaim26.whe«ina>e»bs«eismov.^lera..ave.ome»^ebl<,o.. 

33. Tb=d«iocofolaim26.wh=«n«.enozzl=blo*compr«sa»<>fno.z,es»hicl. 
are conttoUed by different valves. 

34. ^ device of clain.26, fbrtor comprising a valve be,»,een«xe soiree of organic 

vapors and the nozzle block. 

35. A device, comprising: 

(a) a source of organic vapors; 

^eansfordeposiSng^eorganicvaporsontoacooledsubs^ateviaacarriergasbaving 

abulk flow velocity a. leas, as grea. as a>ethem.al velocity of axemolccules. 
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